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Neutrophils represent the majority of all immune cells and are arguably the most important cells 
of the innate immune system. Their response may be non-specific, but they are one of the first 
recognition sites against invading microorganisms. They can ingest a variety of pathogens by 
phagocytosis, destroying them in intracellular vesicles containing degrading enzymes and other 
antimicrobial substances. Besides to that, neutrophils possess a recently discovered mechanism 
to kill microbes extracellularly. During an infection, neutrophils release a structure with a DNA 
scaffold containing granule proteins called neutrophil extracellular traps (NETs). These 
structures are able to bind and kill pathogens. 
 
It is known that viable neutrophils can form NETs made up of mitochondrial DNA and granule 
proteins after short stimulation with GM-CSF and C5a. The goal of the thesis was to investigate 
the mechanism of NET formation using genetic and pharmacological approaches. We used 
genetically modified Hoxb8 mouse neutrophils and human neutrophils to study the molecular 
mechanisms of dsDNA release and NET formation. For the evaluation of the NETs, we used 
confocal laser scanning microscopy and PicoGreen dsDNA quantitation assay to quantify the 
released dsDNA in culture supernatants. Using Hoxb8 mouse and freshly isolated human 
neutrophils, we evaluated the importance of the pro-apoptotic proteins BAX and BAK, as well 
as the voltage-dependent anion-selective channel 1 (VDAC1) and Gasdermin D (GSDMD) for 
ROS production and NET formation. 
We demonstrate that both BAX and BAK may play a role in NET formation in the absence of 
cell death. We demonstrated that mouse neutrophils deficient in BAX or BAK exhibit reduced 
NET formation upon activation. In addition, using an inhibitor of voltage-dependent anion-
selective channel 1 (VDAC1) oligomerization, we could determine that the formation of NETs 
does not require mitochondrial permeability transition pore (MPTP). Lastly, our results showed 
that GSDMD-dependent pyroptotic cell death does not play any role in mouse or human 
neutrophils NET formation. 
 
 





Nevtrofilci so najštevilčnejše in najpomembnejše celice prirojenega imunskega sistema. Njihov 
odziv je takojšen, nespecifičen in v primerjavi s celicami pridobljenega imunskega sistema ne 
zagotavljajo dolgotrajne imunske zaščitite proti mikroorganizmom. Tako so prva linija 
obrambe pred okužbami in posledično lahko nevtralizirajo patogene preden se ti razmnožijo in 
povzročijo večjo škodo. Le te uničijo s pomočjo fagocitoze, protimikrobnih encimov in 
zunajceličnimi pastmi nevtrofilcev. 
 
Zunajcelične pasti nevtrofilcev so kompleksna tvorba oz. preplet zunajceličnih vlaken, ki so 
sestavljena iz DNA in toksičnih granul in se vežejo na zunajcelične patogene ter jih posledično 
ubijejo. Zmožne so uloviti velik nabor mikroorganizmov in jih predstaviti protimikrobnim 
granulam ter drugim celicam, da jih le te fagocitirajo. Sprostitev DNA pasti nastopi po aktivaciji 
nevtrofilcev oz. ob prisotnosti patogenov v zunajceličnem prostoru nevtrofilcev in traja manj 
kot eno sekundo, kar omogoča hitro eliminacijo tujkov. Zanimivo je tudi, da so podobne 
zunajcelične DNA strukture opisane pri rastlinah, kjer branijo korenine pred okužbami. 
Omenjena opazovanja podpirajo dejstvo, da DNA poleg svoje funkcije shranjevanja in 
zagotavljanja genetskih informacij igra dodatno vlogo pri prirojenem imunskem sistemu, ki je 
ohranjena vse od rastlin, prek žuželk, različnih vretenčarjev do človeka. 
 
Za uspešen nastanek zunajceličnih pasti nevtrofilcev morajo nevtrofilci biti optimalno zreli. 
Njihov mehanizem nastanka je zelo kompleksen in do danes še ni v celoti definiran. Kljub temu 
smo od njihovega prvega odkritja v letu 2004 do sedaj na podlagi raziskav H.U. Simon in S. 
Yousefi pridobili mnogo novih spoznanj o njihovih lastnostih in nastanku. Tako vemo, da je 
uspešno tvorjenje zunajceličnih pasti nevtrofilcev odvisno od nastanka reaktivnih kisikovih 
zvrsti. Inhibitorji NADPH – oksidaze, ki blokirajo nastanek reaktivnih kisikovih zvrsti, 
posledično uspešno zavrejo nastanek zunajceličnih pasti. Nevtrofilci pacientov z dedno 
kronično granulomatozno boleznijo imajo pomanjkanje encima NADPH – oksidaze, zmanjšano 
tvorbo reaktivnih kisikov zvrsti in zunajceličnih pasti. Kot posledica se pri takih pacientih 
pojavljajo ponavljajoče glivične in bakterijske okužbe. Poleg reaktivnih kisikovih zvrsti je za 
nastanek pasti bistvenega pomena tudi polimerizacija aktina. Lantrukulin B prepreči vezavo 
monomernega G-aktina na ATP in na ta način moti polimerizacijo aktina ter izgradnjo 
citoskeleta. Lantrukulin B uspešno prepreči nastanek zunajceličnih pasti nevtrofilcev, hkrati pa 
ne vpliva na nastanek reaktivnih kisikovih zvrsti. Enega izmed pomembnih gradnikov 
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citoskeleta predstavljajo tudi mikrotubuli, ki pomagajo pri stabilizaciji strukture celice in 
nadzorujejo pretok granul v celici. Nokodazol in paklitaksel sta zaviralca izgradnje 
mikrotubulne mreže in uspešno zavirata  nastanek zunajceličnih pasti brez vpliva na 
polimerizacijo aktina ali nastanek reaktivnih kisikovih zvrsti. Protein optične atrofije 1 (OPA1) 
je ključni element v dinamiki in morfologiji mitohondrijev. Pomemben je za mitohondrijsko 
fuzijo in strukturno integriteto. Pacienti z avtosomalno dominantno optično atrofijo ne tvorijo 
zunajceličnih pasti nevtrofilcev. Defekt v OPA1 zmanjša aktivnost mitohondrijskega 
kompleksa I in zmanjša koncentracijo NAD+, ki je potreben za nemoten potek glikolize. 
Posledično imajo taki nevtrofilci manjšo koncentracijo znotrajceličnega ATP-ja, ne morejo 
tvoriti mikrotubulnih mrež in tako zunajceličnih pasti.  
V nalogi sem se v veliki meri posvetil raziskovanju vloge proteinov BAX in BAK pri nastanku 
zunajceličnih pasti nevtrofilcev. To sta proapoptotična proteina, ki tvorita oligomere na zunanji 
membrani mitohondrijev in omogočata pretok snovi med mitohondriji in citosolom, kar 
posledično sproži aktivacijo različnih kaspaz in končno privede do tipične apoptotične celične 
smrti.  Omenjena proteina sta tudi nujna za izločanje mitohondrijske DNA v citosol. Zaradi 
dejstva, da je DNA za nastanek zunajceličnih pasti nevtrofilcev mitohondrijskega izvora, nas 
je zanimalo, ali imata proteina morda kakršno vlogo pri nastanku teh pasti. Kot naslednje smo 
se osredotočili na vlogo napetostno odvisnih anionskih kanalov (VDAC) pri nastanku 
zunajceličnih pasti nevtrofilcev. To so najpogostejši proteini na zunanji mitohondrijski 
membrani in pomembni za izmenjavo različnih molekul in ionov med intermembranskim 
prostorom in citosolom. Najpomembnejši predstavnik je napetostno odvisni anionski kanal 1 
(VDAC1). Nazadnje smo še pogledali citoplazemski protein Gasdermin D, ki ima pomembno 
vlogo pri piroptozi, ki je vrsta programirane celične smrti. Po aktivaciji gasdermina D pride do 
nastanka por na celični membrani in nato do piroptoze.  
 
Primarni cilj naloge je bil raziskati vpliv proteinov BAX, BAK, VDAC1 in gasdermin D pri 
nastanku zunajceličnih pasti nevtrofilcev. Za oceno nastanka zunajceličnih DNA mrež smo 
uporabili dve metodi, eno kvantitativno, drugo kvalitativno. S pomočjo spektrofluorimetra in 
kompleta Quant-iTTM PicoGreen Assay Kit smo kvantificirali sproščeno dvojno vijačno DNA 
(dsDNA) v celičnih supernatantih. Kvalificirali smo jo z metodo skeniranja s konfokalnim 
laserskim mikroskopom, kjer smo nevtrofilce aktivirali in nato fiksirali s 4 % 
paraformaldehidom na krovna stekelca ter obarvali z barvili MitoSox in Hoechst. S pomočjo 
dihidrorodamina 123 smo nadzirali tudi proizvodnjo reaktivnih kisikovih zvrsti, da se potrdi 
funkcionalnost proksimalnih poti v uporabljenih celicah. Kot dodatek k rezultatom smo 
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analizirali stopnjo diferenciacije posamezne celične linije in ekspresijo proteinov BAX in BAK 
v uporabljenih celicah. 
Za naše eksperimente smo izbrali celično linijo mišjih Hoxb8 nevtrofilcev in sveže izolirane 
humane nevtrofilce, ki so bili že uporabljeni v okviru različnih študij in eksperimentov pri 
preiskovanju nastanka zunajceličnih pasti nevtrofilcev. Prednosti mišjih Hoxb8 nevtrofilcev 
pred humanimi nevtrofilci so neomejena generacija celic, enostavna genetska manipulacija in 
analiza diferenciranih celic in vitro. Tako sta se obe vrsti celic izkazali  kot dober sistem za 
oceno nastanka zunajceličnih pasti, induciranih s pomočjo različnih aktivatorjev. 
Za študijo nastanka zunajceličnih pasti nevtrofilcev smo Hoxb8  nevtrofilce in izolirane humane 
nevtrofilce najprej stimulirali z granulocitne – makrofagne kolonije spodbujajočim faktorjem 
(GM-CSF)  in nato s komponento komplementa 5a (C5a) ali lipopolisaharidom (LPS). Za 
pozitivno kontrolo smo nevtrofilce stimulirali s forbol 12-miristat 13-acetatom (PMA). Pri 
eksperimentih s humani nevtrofilci smo te 30 minut pred stimulacijo inhibirali z naslednjima 
inhibitorjema: nekrosulfonamid (5 μM) in VBIT–4 (5 μM). Nekrosulfonamid se veže na 
gasdermin D kar prepreči nastanek por na celični membrani. VBIT–4 je inhibitor 
oligomerizacije proteina VDAC1.  
Rezultati kvantifikacije in kvalifikacije zunajceličnih pasti nevtrofilcev s Hoxb8 nevtrofilci so 
nam pokazali, da oba proteina tako BAX kot BAK igrata vlogo pri izločanju pasti. Obseg 
izločanja pasti je bil pri nevtrofilcih z enojno izbitim Bax ali Bak in pri dvojno izbitih 
signifikantno manjši v primerjavi z divjim tipom nevtrofilcev. V nasprotju pomanjkanje 
proteina gasdermin D v Hoxb8 nevtrofilcih ni bistveno vplivalo na nastanek zunajceličnih pasti 
v primerjavi z divjim tipom nevtrofilcev. Kot pričakovano, smo dobili podobne rezultate s 
humanimi nevtrofilci in uporabo nekrosulfonamida, inhibitorja gasdermina D, kjer ni bilo 
signifikantnega zmanjšanja sproščene dvojno vijačne DNA v primerjavi z neobdelanimi 
nevtrofilci. Pri uporabi VBIT-4, inhibitorja VDAC1 oligomerizacije, smo prav tako ugotovili, 
da inhibitor ni bistveno vplival na sproščanje dvojno vijačne DNA. V vseh primerih so se 
rezultati kvantifikacije ujemali s slikami, pridobljenimi s skeniranjem s konfokalnim laserskim 
mikroskopom. Po stimulaciji so vse celice ostale ustreznih oblik kljub formiranju zunajceličnih 
mrež. Jedra smo obarvali z barvilom Hoechst, sproščene mreže DNA pa z barvilom MitoSox, 
kar nakazuje, da je DNA formiranih mrež mitohondrijskega izvora in da nevtrofilci pri sami 
stimulaciji ne podležejo apoptozi. Delež živih nevtrofilcev smo določili s pomočjo 
propidijevega jodida. To barvilo prehaja le čez membrane mrtvih celic, kjer se veže na DNA. 
 





ATP  Adenosine triphosphate 
BAK BCL-2 homologous antagonist/killer 
BAX  BCL-2-associated X protein 
BCL-2 B-cell lymphoma 2 
CGD Chronic granulomatous disease 
CMP common myeloid progenitor cells  
CSF Colony-stimulating factor 
C5a Complement component 5a 
DHR123 Dihydrorhodamine 123 
DNA Deoxyribonucleic acid 
DNase Deoxyribonuclease 
DPI Diphenyleneiodonium  
dsDNA Double-stranded Deoxyribonucleic acid 
ER-Hoxb8      Estrogen-regulated Hoxb8 
ET Extracellular traps 
FCS Fetal bovine serum 
G-CSF Granulocyte colony-stimulating factor 
GM-CSF      
GMP 
Granulocyte/ macrophage colony-stimulating factor 
granulocyte-monocyte progenitors 
GSDMD Gasdermin D 
LPS Lipopolysaccharide 
LSM Laser scanning microscope 
MLKL mixed lineage kinase domain-like protein 
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mPTP mitochondrial permeability transition pore 
MT Microtubules 
mtDNA Mitochondrial DNA 
NAD Nicotinamide adenine dinucleotide 
NADPH  Nicotinamide adenine dinucleotide phosphate 
NET Neutrophil extracellular trap 
NSA necrosulfonamide 
OMM  Outer mitochondrial membrane 
OPA1 Optic atrophy 1 
PBS 
PMA 
Phosphate buffer saline 
Phorbol 12-myristate 13-acetate 
RT Room temperature 
SEM Standard error of mean 
ROS  Reactive oxygen species 
SFM Serum-free hematopoietic cell medium 
SCF Stem cell factor 
U Units 
TFAM Mitochondrial transcription factor A 
VDAC  Voltage – dependent anion – selective channel 










1.1 Immune system 
 
Humans, as well as other species, are coexisting in an environment colonized by pathogenic, 
non-pathogenic microorganisms, as well as other toxins or allergens. Therefore, the defence 
mechanisms of these organisms need to act in a fast and sophisticated way to maintain normal 
homeostasis. Additionally, the immune system has to eliminate microbes, toxins, or allergenic 
molecules, while avoiding immune responses that produce excessive damage to self-tissues or 
that destroy beneficial commensal microorganisms. For example, eosinophils release toxic 
granule proteins and free radicals, which kill microorganisms and parasites but can also cause 
collateral damage to host tissues. The disruption of these balances can result in the emergence 
of different maladies, like inflammatory bowel disease (1).  Pathogenic microbes act by using 
different pathways by which they manipulate and destroy this homeostasis. For instance, during 
a septic shock, lipopolysaccharide (LPS) found in gram-negative bacteria membrane, causes a 
disruption of the circulatory and respiratory system, which results from an uncontrolled 
systemic bacterial infection. To prevent this from happening, the immune system has more lines 
of defence and different protective mechanisms to control or eliminate these intruders. The key 
principle of the immune system to distinguish between a pathogen or host tissue relies on the 
recognition of structural features of these microbes or toxins. 
The key components of the immune system are the bone marrow, thymus, lymph glands, the 
spleen, nasal, respiratory, and urogenital tract, as well as other mucosa. The immune system 
protects the organism against foreign substances on multiple levels. The first line of defence 
are the anatomical barriers of the body, like the epithelial surfaces.  If the pathogen breaches 
one of these barriers, then the complement or other enzymatic and chemical systems can act as 
antimicrobial barriers near these epithelia. Once this is breached, the nearby lymphoid cells 
coordinate a cell-mediated defence. This is called the innate immune system, which responds 
to inflammatory inducers like bacterial lipopolysaccharides, ATP, urate crystals, etc. Once 
activated, the innate immune system starts to make various mediators that can directly destroy 
invading microbes, or act on other cells to produce an immune response. The major players of 
this system include macrophages, monocytes, neutrophils, eosinophils, basophils, mast cells, 
natural killer cells, innate lymphoid cells and dendritic cells. We will later have a closer look at 
neutrophils, a subpopulation of the granulocytes. They represent a major and important branch 
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of the innate immune response. They use different antimicrobial substances to neutralize the 
invading pathogens after the initial phagocytosis. Should the pathogen overcome all of the 
before mentioned barriers, the slower-acting defences of the adaptive immune system will be 
triggered. Unlike the innate immune system, which takes minutes to be activated and acts in an 
unspecific manner, the adaptive immunity takes a few hours to weeks to respond to an infection 
and acts in an antigen-specific way. This allows a more distinct and controlled removal of a 
microbe when the previously mentioned innate mechanisms fail to eliminate the pathogen. It 
also protects against reinfection since one organism develops immunological memory by 




Neutrophils are polymorphonuclear and granular leukocytes that function as an essential part 
of the immune system (Figure 1). They represent about 60 % of all circulating leukocytes in 
humans and about 10 to 25 % of the circulating leukocytes in mice. Mature neutrophils are 
around 7 to 10 μm in diameter, present a segmented nucleus, and have cytoplasm containing 
granules and secretory vesicles. The production takes place in the bone marrow at a rate of 1011 
per day and up to 1012 per day during certain infections (5, 6). Neutrophils represent the first 
line of defence of the innate immune system and display antimicrobial functions (7, 8), 
including degranulation, production of reactive oxygen species (ROS), phagocytosis (9), and 
finally the formation of neutrophil extracellular traps (NETs) (10).  
 





1.2.1 Neutrophil development 
 
Neutrophils arise from hematopoietic progenitor cells located in the bone marrow (11). The 
development (granulopoiesis) begins with a self-renewing hematopoietic stem cell that can 
differentiate into either common lymphoid progenitor cells or common myeloid progenitor cells 
(CMP) (Figure 2). The CMP cells further convert into granulocyte-monocyte progenitors 
(GMP), which in turn can be matured into neutrophils via a process regulated by some 
transcriptional factors (12). In the process, the differentiating cell progresses through different 
stages: promyelocyte, myelocyte, metamyelocyte, band cell, and finally segmented 
polymorphonuclear neutrophil (13). During this process, neutrophil granules are formed, which 
are organized into three groups, the primary or azurophilic granules, specific granules, and 
gelatinase granules. Additionally, neutrophils contain secretory vesicles. Each of these granules 
and vesicles are produced at different stages of proliferation and differentiation of the 
neutrophils (14, 15).  The differentiated neutrophils form the bone marrow reserve and can be 
released into the bloodstream in response to different kinds of infection or inflammation (16). 
The major component that controls the above-mentioned processes is the granulocyte-colony 
stimulation factor (G-CSF). It induces proliferation of neutrophil progenitors and controls the 
release by interfering with the CXCR4-CXCL12 axis. Absence or deficiency of G-CSF receptor 
can result in leukopenia (17, 18).   
 
Figure 2: Granulopoiesis. Neutrophils get generated in the bone marrow from a self-renewing hematopoietic stem 
cell (HSC), which forms a multipotent progenitor (MPP). This then produces lymphoid-primed multipotent 
progenitors (LPMP), which then differentiate into granulocyte-monocyte progenitors (GMP). Under the control of 
G-CSF, the GMPs then turn into myeloblasts, which further differentiate into promyelocytes, myelocytes, 
metamyelocyte band cells, and finally give rise to mature neutrophils (Adapted from Rosales C, Front Physiol., 




1.2.2 Life cycle of neutrophils 
 
Neutrophils are relatively short-lived cells. Once in the circulation, neutrophils present a short 
circulating half-life of about eight hours (17). Despite that, there is strong evidence that 
neutrophils can survive longer after initial activation with certain cytokines or microbial 
products. Therefore, primed neutrophils have a much longer life span and can reside up to 48 h 
in infected or injured tissues (20). After the initial release, neutrophils can quickly move from 
the circulation to the infected or inflamed region through a process called the leukocyte 
adhesion cascade. In short, to get to the affected tissue, neutrophils bind to activated endothelial 
cells followed by intravascular migration, extravasation, and finally migration in the 
interstitium (21, 22). Once in the tissue, they migrate to the inflammation site via 
chemoattractant gradients. Chemoattractants are a diverse group of molecular guidance 
components (e.g., lipids, chemokines, etc.) (23).  At affected tissues, they can then carry out 
their needed functions. During the resolution of infection, neutrophils undergo a form of cell 
death called apoptosis and are removed by other immune cells. These cells recognize the 
neutrophils via signals that these dying neutrophils express on their surfaces (24, 25). This, in 
turn, will lower the secretion of G-CSF, proliferation, and the release of neutrophils (26).  
 
 
1.2.3 Neutrophil functions  
 
As discussed before, neutrophils exert their antimicrobial functions through degranulation, 
ROS production, phagocytosis, and NET formation. With degranulation, the neutrophils release 
their granule contents into the environment, consequently acting in a microbicidal way. 
Neutrophil degranulation plays an important role in some inflammatory diseases such as asthma 
and chronic obstructive pulmonary disease (27). The assembly of NADPH oxidase produces 
substantial amounts of reactive oxygen species, including ion peroxide (O2
-), which is highly 
toxic (28). During phagocytosis, the pathogen is ingested into a phagocytic vacuole, which fuses 
with a lysosome (9). There the pathogen is destroyed by a combination of acidic conditions and 
antimicrobial enzymes. For some extracellular microbes, neutrophils can also form DNA web-
like structures called neutrophil extracellular traps, which contain granule proteins and can slow 




1.2.4 Hoxb8 neutrophils 
 
Since mature neutrophils have a short life span and pose the problem, that they cannot be 
genetically manipulated, understanding their functions may be difficult. On the other hand, 
mouse bone marrow progenitor cells can be immortalized using a retroviral expressed ER-
Hoxb8 fusion construct (30). In short, the ectopic expression of Hoxb8 can block the 
differentiation of myeloid progenitors. Taking advantage of this fact, a retroviral vector 
encoding an estrogen-dependent form of Hoxb8 can be used for infection of bone marrow cells. 
This then, in turn, leads to the generation of myeloid progenitor cells (31).  They can be used 
for the in vitro differentiation of a wide array of white blood cells, especially neutrophils (30, 
32-34), but also macrophages, basophils, and lymphocytes (32-35). One of the advantages of 
this method is the possibility to generate Hoxb8 neutrophils from genetically altered mice. Once 
generated, the progenitors can be cultured for a long period and be differentiated to mature 
Hoxb8 neutrophils at any given time. These ex-vivo neutrophils have similar characteristics to 
those found in primary neutrophils  (36). Hoxb8 neutrophils can, therefore efficiently phagocyte 
(37), release cytokines (38, 39), and generate extracellular traps (40).  
 
1.3 Neutrophil extracellular traps  
 
In 2004, Brinkmann et al. discovered a before unrecognized neutrophil antimicrobial 
mechanism that can kill extracellular invading pathogens. This mechanism consists in the 
ejection of DNA into the extracellular space that will trap and eliminate tissue intruding 
pathogens (41). Since this discovery, NETs have been studied and characterized by many 
scientists. Despite that, it seems that the available data has also led to some confusion, due to 
contradictory results and discrepant scientific concepts. There are still divided opinions 
concerning pro- and anti-inflammatory roles in maladies, the distinction as a separate cell death, 
or the origination of the DNA that forms these structures. Four facts are generally accepted by 
the majority of the researches (42):  
1) NETs are formed as a defence mechanism to stop microorganism from spreading but 
also in response to some sterile triggers 
2) NETs consist of a DNA web-like structure containing granule proteins, such as 
enzymatic proteases and antimicrobial peptides 
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3) Besides the immune function, NETs are detrimental and beneficial in inflammation, 
autoimmune and other diseases 
4) NET release can be initiated by a wide array of stimuli and via different molecular 
pathways  
 
Even though the source of released DNA and the molecular mechanism of NET formation is 
still not well defined, based on the previous work of Simon & Yousefi laboratories there is 
strong evidence that NETs (Figure 3) are made up of mitochondrial DNA joined with granule 
protein rather than nuclear DNA (43). We believe this DNA release can occur rapidly, in a 
matter of seconds, when the cells are primed and activated with a stimulant like LPS. This 
process also seems to be independent of cell death. Firstly, because the priming and stimulation 
are so short, the cells do not have any morphologic changes or caspase-3 activation (44). 
Secondly, the fluorescent DNA dye (SYTOX Orange), which is unable to stain viable cells, 
cannot penetrate activated neutrophils after 1h, which further strengthens the fact that the 
neutrophils remain viable under the short term stimulation with GM-CSF/C5a or GM-
CSF/LPS.  And lastly, when accessing cell death for human neutrophils under different 
conditions (control, GM-CSF, GM-CSF + C5a and Fas), that stimulate mitochondrial DNA 
release, cell death is not accelerated, in fact, more than 90 % of the neutrophils are still viable 
after nine hours of incubation time (43).  
 
Figure 3: Neutrophil extracellular traps. Neutrophils were primed with GM-CSF and subsequently stimulated 
with C5a. Nuclear DNA has been stained with Hoechst 33342 (blue) and MitoSOX Red has been used to stain 
mitochondrial DNA. White arrows point to the formed neutrophil extracellular traps. 
 
It is important to mention that NET formation requires fully mature neutrophils. Priming and 
stimulation with IFN-α and C5a produced extracellular fibers in mature but not immature 
neutrophils (45). Similar extracellular web-like structures have been observed in eosinophils 
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(44), macrophages (46), mast cells (47), and basophils (35). All these immune cells occupy 
important roles in fighting infections, especially at anatomical barriers, where the organism 
meets the environment. It has been shown that the formations of these extracellular structures 
are able to bind and eliminate bacteria (41, 44, 48) and fungi (49-51). On the other hand, they 
can also contribute to the development of autoimmune diseases (52-54). Plants are also able to 
produce these extracellular entities. There they protect roots against different infections (55). 
This observation supports the fact that the DNA has additional functions besides the function 





1.3.1 Mechanism of NET formation  
 
Since there are many proposed mechanisms for NET formation, it is good to make an overview 
of what we know. Here I will explain the roles of ROS, actin polymerization, glutathionylation, 
Grx1 enzyme, and lastly, the mitochondrial OPA1 protein on the generation of NETs (Figure 
4).  
ROS generation seems to be indispensable for the generation of NETs following neutrophil 
death (57). It is also needed in stimulated eosinophils to release mitochondrial DNA (44). To 
visualize mtDNA MitoSOX red can be used. The fluorescence of the dye depends on the 
generation of superoxide and further binding of mitochondrial DNA. Diphenyleneiodonium 
(DPI), an inhibitor of NADPH-oxidase blocks ROS production and consequently blocks the 
release of mtDNA from neutrophils after 20 minutes GM-CSF priming and 15 minutes 
stimulation with C5a. Moreover, NADPH-oxidase-deficient neutrophils from patients with 
chronic granulomatous disease (CGD) cannot form extracellular traps under the same 
conditions (43, 58). The addition of H2O2 30 minutes prior to the activation of these neutrophils 
was able to correct extracellular trap formation and degranulation.  
Rac2-dependent actin remodelling regulates primary granule exocytosis in neutrophils. Resting 
neutrophils show hardly any actin polymerization, whereas in GM-CSF/C5a stimulated 
neutrophils, there was clear F-actin accumulation on one pole of the cell and present actin 
polymerization. In contrast to the resting neutrophils, the stimulated also produced a significant 
amount of NETs. DPI also reduced actin polymerization and the build-up of F-actin on one side 
of the cell pole. Latrunculin B captures G-actin monomers and thereby prevents F-actin 
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assemblage. Therefore, Latrunculin B blocked the accumulation of F-actin at one cell pole as 
expected. Furthermore, Latrunculin B completely prevented NET formation after neutrophil 
activation and ROS were unaffected. These results show that ROS is required for F-actin 
polymerization, which is then needed for the extracellular trap formation in neutrophils.  
Further agents blocking glutathionylation would also block NET formation but would not affect 
ROS production. Therefore, actin glutathionylation is also important in NET formation. 
Grx1, a cytosolic thiol disulphide oxidoreductase, is a positive regulator of actin 
polymerization. Grx1-/- neutrophils produce a normal amount of ROS when compared to wild-
type neutrophils, but showed lower actin polymerization, NET formation and degranulation 
under the same conditions. 
Microtubules (MT) stabilize the shape of the cells and control the intracellular flow of granules, 
including the ones during degranulation. To investigate the role of MT in NET formation, 
nocodazole and paclitaxel were used, both good inhibitors of MT network assembly. Both drugs 
completely prevented NET formation and degranulation. In contrast, actin polymerization and 
ROS production were unaffected. Additionally, CGD neutrophils showed an impaired MT 
network, which further confirms the importance of ROS (40). 
Optic atrophy 1 (OPA1) is a mitochondrial inner membrane protein that has an important role 
in mitochondrial fusion and structural integrity. Neutrophils from patients with autosomal 
dominant optic atrophy disease release significantly less extracellular DNA, after stimulation. 
To investigate this further, mice that lack the OPA1 protein (Opa1NΔ) were generated and used 
for studying the molecular mechanism of NET formation.  In contrast to the wild-type 
neutrophils, the neutrophils from Opa1NΔ did not release dsDNA, when assessed under the 
microscope and after quantification PicoGreen fluorescent dye. Additionally, in control 
neutrophils, the presence of elastase was detected in the extracellular structures. Contrary to 
that, Opa1NΔ neutrophils did not release any elastase containing extracellular structures.  
OPA1 defects result in reduced mitochondrial complex I activity and lower levels of NAD+, a 
key participant in glycolysis. Consequently, reduced glycolysis results in lower ATP production 
in the OPA1 deficient neutrophils, which explains their lack of forming microtubule network 
and extracellular traps. Interestingly, actin polymerization and phagocytosis did not appear to 
be influenced by the lack of OPA1 (59). In conclusion, OPA1 is indispensable for the normal 









Figure 4: NET formation summary Physiological activation of neutrophils results in ROS production and cell 
cytoskeleton rearrangement. Glutaredoxin 1 regulates actin and tubulin glutathionylation. Grx1 gene defects or 
insufficient ROS production prevents the cytoskeletal rearrangements required for extracellular trap formation. 
ATP is required as an energy source for normal NET formation. The production of ATP depends on the availability 
of NAD+, which in the process of glycolysis is reduced to NADH. Defects or lack of optic atrophy 1 (OPA1) 
protein reduces the activity of mitochondrial electron transport complex I in neutrophils and lowers ATP 
production owing to the lacking amount of NAD+. ATP is required for actin and tubulin polymerization, which in 
turn are needed for the successful formation of NETs (adapted from Yousefi et al., Eur. J. Immunol., 2019 Jan; 












1.4 Mitochondria in Neutrophils 
 
Neutrophil mitochondria appear to be slightly different when compared to mitochondria in other 
cell types. In contrast to other cell types, the mitochondria in neutrophils hardly contribute 
anything to the direct production of ATP, but the cell rather relies on glycolysis as the main 
source of energy. Nevertheless, neutrophils express porin or VDAC (voltage-dependant anion 
channel), which is an important part of the outer mitochondrial membrane and regulates ion 
flow within the cell. The mitochondria in neutrophils also preserve their mitochondrial 
potential, despite not being actively involved in the ATP production and are loaded with pro-
apoptotic proteins, like cytochrome C, which are released after a trigger for apoptosis has been 
initiated. Neutrophils contain low levels of this pro-apoptotic protein. However, they still need 
it to activate caspases and initiate apoptosis. It is important to mention that the neutrophils 
contain substantially fewer mitochondria compared to other leukocytes (61, 62). Mitochondrial 
poisons also do not appear to have an effect on the neutrophil's cellular functions (63). Despite 
of that, mitochondria play important roles in neutrophils, namely chemotaxis, phagocytosis, 
ROS production, and apoptosis (64). Further, they release mtDNA into the extracellular space 
upon activation (43). Another point to make is, despite not being directly involved in ATP, 
there is an indirect mechanism through the OPA1 protein, where the lack of this protein can 
lower NAD+ levels and consequently, the production of ATP goes down (59). All in all, 
although deficient in respiration, neutrophil mitochondria are still able to activate caspases and 
initiate apoptosis, indirectly contribute to ATP production through the OPA1 protein and may 
also have a role in the formation of NETs. 
 
1.4.1 Mitochondrial DNA  
 
In recent years, the effect of mtDNA on neutrophil function gained a lot of attention. The 
research focuses on its potential antimicrobial and immunologic role. To understand these 
mechanisms, we need to first look at how and why the mitochondrial gene material could get 
out in the cytosol or even out of the cell. Some studies propose the release or herniation of 
mtDNA via mitochondrial membrane permeabilization during apoptosis, in which BAX may 
play an important role. BAX/BAK macropores allow the extrusion of the inner mitochondrial 
membrane, which after the initiation of caspase-independent cell death, starts to permeabilize, 
releasing the mtDNA into the cytosol (65-67). On the other hand, mtDNA can also be extruded 
outside of the cells during NET formation. Previous work of Simon & Yousefi laboratories 
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demonstrated that mtDNA is part of extracellular traps (1, 16). Other researchers also showed 
that mitochondrial-derived DNA is part of NETs formed in systemic lupus erythematosus (68, 
69). Another study showed that mitochondria with oxidative damage are removed by extruding 
their mitochondrial matrix contents, including transcription factor A mitochondria (TFAM)-
mtDNA nucleoids, into the extracellular space. This DNA is not immunogenic, since it is 
devoid of oxidized DNA. Normally neutrophils remove oxidized mtDNA by phosphorylation 
of TFAM, which degrades and moves it into the lysosomes. In comparison, the neutrophils of 
SLE patients pose a reduced protein kinase A activity and so do not degrade TFAM as 
effectively, which leads to the immunogenic effects of oxidized mtDNA (70). Additionally, 
ROS was found to be a key player in producing oxidized mtDNA. This DNA was found to be 
pro-inflammatory and produced an interferogenic response. Contrary to this, mtDNA has also 
been shown to act as a quick antimicrobial defence (58). If this DNA is immunogenic or not is 
still an open question.  
The exact mechanism of how this mtDNA comes out of a cell is also not clear. One option is 
that the BAX/BAK pores that form on the mitochondrial outer membrane, which could allow 
the mtDNA to be released. The other option, as was explained by Yousefi et al. (60), is where 
the circular mtDNA transforms into a linear form DNA, after a process of strand breaks and 
ROS exposure. The linear DNA carrying a negative charge, could interact with positively 
charged granule proteins, and connect one mtDNA molecule to another, giving rise to the fiber-
like mtDNA built up. Finally, changes in the osmotic pressure may cause a catapult-like release 
of the NETs (60). 
 
1.4.2 Voltage-dependent anion channel 
 
Voltage-dependent anion channels (VDACs) are the most abundant protein in the outer 
mitochondrial membrane with a molecular weight of 32 kDa. The conformational states of 
VDAC determine which ions can and cannot pass through the channel (71). They come in three 
isoforms and are the gatekeepers of the mitochondria, where they decide which molecules can 
pass between the cytosol and intermembrane space (72). VDACs have long been thought to 
play an integral role in the assembly of the mitochondrial permeability transition pore. This 
complex protects the cell and regulates cell death  (73). Recently some reports showed that 
VDAC does not play an essential role in building those pores but rather presents a regulatory 
role in pore formation (74-76). Despite this claim, VDACs participate in outer mitochondrial 
membrane permeabilization and are important indicators in determining the health and function 
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of the mitochondria. They are also involved in ROS production and hexokinase binding. 
Further, they also bind with pro- and anti-apoptotic proteins and play a role in cytochrome c 
release (77-80). Under extreme oxidative conditions, the channel can form homo-oligomers and 
contribute to the pro-apoptotic permeabilization of the mitochondrial membrane (81) or hetero-
oligomers with other cytosolic proteins (78). This oligomerization is inhibited if the channel 
interacts with anti-apoptotic proteins (82). A recent report showed that cells experiencing 
mitochondrial stress could release their mtDNA via the pores formed by oligomers of this 
channel. By using the VDAC1 oligomerization inhibitor VBIT-4 (Figure 5), researchers were 
able to reduce lupus-like symptoms in mice and show a reduction of NET release (83).  
 
 
Figure 5: VBIT-4 – VDAC1 oligomerization inhibitor (Adapted from https://medkoo.com/products/15007. (84)) 
 
1.5 BCL-2 Family 
 
The BCL-2 family is an evolutionarily conserved family of proteins that share BCL-2 homology 
domains. They are most known for their roles in regulating apoptosis. They control this form 
of cell death via inducing or inhibiting the permeabilization of the mitochondrial membrane 
(85). The life span in mature neutrophils is determined by the ratio of pro- and anti-apoptotic 
BCL-2 family members (86). Neutrophils were shown to express these proteins. Arguably the 
two most important are BCL-2-associated X protein (BAX) and BCL-2 homologous 
antagonist/killer (BAK) (86-89). Bax/Bak double knock out mice show increased neutrophil 
numbers, suggesting a role in regulation in the life span in neutrophils. BAX and BAK are 
important regulators of cell death during the intrinsic cell death pathway (90) (Figure 6). This 
pathway is initiated when the outer membrane of the mitochondria loses its structure, which 
enables the release of cytochrome c into the cytosol (91). This activates APAF-1, which recruits 
caspase-9 to form a multimeric complex. This, in turn, activates other downstream caspases, 
which initiates the typical features of the apoptotic cell death (90). Anti-apoptotic proteins like 
BCL-2 and BCL-XL, on the other hand, appear to preserve the integrity of the mitochondrial 





Figure 6: Comparison of the apoptotic pathways 
1) The intrinsic pathway is initiated by internal signals such as damage to the DNA and oxidative stress, 
which activates BH3-only proteins leading to BAX and BAK activation. These two proteins form pores 
on the outer mitochondrial membrane and cause the release of cell death promoting substances from the 
intermembrane space. This then forms the apoptosome, which promotes the maturation caspase-9. Later 
downstream caspases are activated, eventually leading to apoptosis. 
2) The extrinsic pathway starts with the association of the death receptors with their ligands, which recruits 
adaptor molecules, including FADD and caspase 8. Caspase 8 then cleaves and activates caspase 3 and 
caspase 7 and can proteolytically cleave BID. BID then promotes the assembly of BAX-BAK channels 
















1.6 Gasdermin D 
 
Gasdermin D (GSDMD) is a cytoplasmic protein made up of 487 amino acids. It contains a 
gasdermin domain and lacks any signal peptide or transmembrane segments. The members of 
the human gasdermin gene family are gasdermin A, B, C, and D. The physiological roles of 
GSDMD are still not well described (96). In macrophages, caspase cleavage of GSDMD 
induces pore formation in the cell membrane and pro-inflammatory cytokine secretion (97). 
This induces lytic pyroptosis, a form of inflammatory programmed cell death (98). Cleaved 
GSDMD in macrophages also binds to cardiolipin on the membranes of bacteria, suggesting 
direct killing of the bacteria via perforation (99, 100). In neutrophils, the GSDMD cleavage is 
elicited by a serine protease called neutrophil elastase (ELANE), which is extruded from 
cytoplasmic granules into the cytosol in aging neutrophils and cleaves the full-length GSDMD 
to C-terminal GSDMD. One study found that GSDMD, in contrast to macrophages, negatively 
regulates innate immunity, mainly through delaying neutrophil death (101). Another study 
suggested its role in the production of NETs, where the GSDMD pore formation allows the 
release of this DNA scaffold (102). Recently a study discovered that necrosulfonamide (NSA) 
(Figure 7), a potent inhibitor of the mixed lineage kinase domain-like protein (MLKL), could 
also inhibit assembly of pyroptotic pores in human and murine cells through direct binding to 
GSDMD and consequently inhibiting oligomerization of the protein (103). Therefore, it would 
be interesting to see whether the inhibitor has any effect on the NET formation or not. Taken 
overall, GSDMD apparently plays an important role in multiple cell functions, but there are still 
undiscovered grounds that require further investigations.  
 







 The main goal of this thesis was to investigate the role of BAX and BAK proteins in the 
formation of neutrophil extracellular traps (NETs) and evaluate the BAX and BAK 
protein expression before and after stimulation in wild-type and Bax and Bak-deficient 
Hoxb8 neutrophils. 
 
 We further explored the function of the voltage-dependent anion channel 1 (VDAC1) 
in NET formation using human neutrophils. 
 
 We also investigated the impact of gasdermin D (GSDMD) with regards to NETs 
formation using Hoxb8 mouse and human neutrophils 
 
 In addition, we analysed the viability of different genetically modified Hoxb8 
neutrophils before and after activation with different stimuli. 
 
 We also measured the Gr-1 cell surface expression of differentiated Hoxb8 neutrophils 























CELLSTAR 24 Well Cell Culture Plate sterile Greiner Bio One, # 662 160 
Cell Counter                 KX-21 Sysmex Digitana SA 
Centrifuge 5415 D 
5417R 
Eppendorf 
Centrifuge Multifuge 3 S-R Thermo Fisher scientic, 
Heraeus AG 
Centrifuge Shandon Cytospin III Centrifuge DAKO Diagnostics AG 
Centrifuge Biofuge pico Huber & Co. Ag 
Cytoslide Microscope slides for Shandon 
Cytospin (Non-Coated, Circle on Back) 
Thermo scientific 
Falcon Tubes 15 mL CELLSTAR® TUBES, 15 mL BD Biosciences, #188 271 
Falcon Tubes 50 mL CELLSTAR® TUBES, 50 mL BD Biosciences, #227 261 
Flow cytometer BD FACSVerse BD Biosciences 
Freezer (-20°C) MI 1207 A Miostar 
Freezer (-80°C) V 535 Vacum Instalation Panel New Brunswick Scientific- 
ultra low temperature 
freezer 
Glass cover slips 12 mm BD Biosciences 
Glass pipettes Pipette sterile ind. Wrapper 1 mL, 2 mL, 
5 mL, 10 mL and 25 mL 
VWR Supplier 
Partnerships for Customer 
solutions 
Incubator HERAcell 150i CO2 incubator Thermo Fisher Scientific 
LSM 700 Confocal laser scanning microscope Carl Zeiss 
Lasers HeNe laser (543 nm) 1 mW, HeNe 
Laser (633 nm) 5 mW 
Diode laser (405 nm) 25 mW 
Lasos 
Neubauer chamber Hemocytometer for cell counting Oscar Bastidas 
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Pipette Boy Accu-jet pro Brand 
Pipettes Research (different volumes) Eppendorf 
Refrigerator Different models Miostar 





Vortex Mixer or 
shaker 
Vortex-Genie 2 Scientific Industries 





Imaris Cell software  Scientific software module for data visualization, analysis, 
segmentation and interpretation of 3D and 4D microscopy 
datasets. 
 
Zen lite  Imaging software for acquiring images and video sequences. 
For measuring distances and making profile intensity graphs. 
 
GraphPad Prism 5  Combines scientific graphing, comprehensive curve fitting 









Substance Description Company, cat. N° # 
   
BAK antibody BAK antibody, rabbit Santa Cruz, #832 
BAX antibody  BAX antibody, mouse  Calbiochem, #AM04 
BCA Protein Assay kit Kit for measuring protein 
concentrations 
Thermo Scientific, #23227 
C5a human Human Complement factor 
C5a 
Calbiochem – Novabiochem 
Corp., #HC1101 
C5a mouse Mouse Complement factor 
C5a 
Calbiochem – Novabiochem 
Corp., #HC2101  
DMSO Cryoprotectant Sigma – Aldrich #D2650 
DNase I Recombinant DNase 1, RNase 
& Protease Free 
Worthington, #LS006353 
DTT Dithiothreitol Roche, #10708984001 
EDTA EDTA  0.5 M   pH 8.0 Invitrogen, #15575-038 
FCS Fetal calf serum Invitrogen, #10270106 
GAPDH antibody Loading control, mouse Millipore #MAB374 
G-CSF murine Mouse Granulocyte-colony 
stimulating factor 
Peprotech, #250-05 
GM-CSF (Leukomax 300) Human Granulocyte – 





Mouse Granulocyte – 




Hoechst 33342  Nucleic acid dye Molecular Probes, #H-3570 
Hydroxytamoxifen (Z)-4- Hydroxytamoxifen Sigma – Aldrich #H7904 
Immersion oil Immersol 518 F fluorescence 
free 
Zeiss, batch no.: #140327 
LPS Lipopolysaccharide Sigma – Aldrich #L6529 
Laminate Forte HRP substrate Millipore #WBLU0100 
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Methanol  Merck #1.06009 
MitoSOX™ Red mitochondrial superoxide 
indicator 
Molecular Probes,#M36008 
Necrosulfonamide (NSA) GSDMD inhibitor  
PAF Paraformaldehyde extra pur Riedel-de-Häen, #16005 
Pancol human Biocoll Separating Solution Bioswisstec, #P04-60500 





Fixing solution Electron Microscopy 
Sciences #15710 
PicoGreen dsDNA Quant-iT PicoGreen Invitrogen, #P11496 





Protease inhibitor Roche #837 091 
PhosSTOP Phosphatase inhibitor Roche #04 906 845 001 
ProLong Gold Antifade reagent supress 
photobleaching 
Invitrogen, #P36930 
Protease Inhibitor Cocktail Protease inhibitor Sigma – Aldrich 
#P – 8340 
RPMI 1640 Medium to culture cells Sigma – Aldrich #R2405 
SCF mouse Recombinant mouse protein Pepro Tech EC, #250-03 
SERVAGel™ TG PRiME™ 
12 % 
 SERVA #43266.01 
Stripping Buffer  Pierce, #21059 
Tris – Tricin/SDS 
Elektrophorese Buffer (20x) 
 SERVA, #42560.01 
Tween 20  Sigma – Aldrich, #P – 2287 
VBIT-4  VDAC1 oligomerization 
inhibitor 
AOBIOUS INC, AOB 8202 
X-VIVO™ 15 (SFM) Chemically Defined, Serum-








3.2.1 Isolation of human granulocytes 
 
Mature blood neutrophils were isolated from peripheral blood of healthy donors by Ficoll-
Hypaque centrifugation. Briefly, peripheral blood mononuclear cells were separated by 
centrifugation on Pancoll Human from PANTM BioTech (PAN-Biotech GmbH, Aidenbach, 
Germany). The lower phase, consisting mainly of granulocytes and erythrocytes, was treated 
with erythrocyte lysis solution (155 mmol/L NH4Cl, 10 mmol/L KHCO3, and 0.1 mmol/L 
EDTA, (pH 7.3)). The resulting cell populations contained greater than 95% mature neutrophils 
as assessed by staining with Diff-Quik and light microscopy analysis. 
 
3.2.2 Cell surface expression and cell morphology 
 
Immunophenotypic characterization of Hoxb8 mouse neutrophils was performed by 
determining the cell surface expression of Ly6G/Ly6C (Gr-1) by using flow cytometry. Single-
cell suspensions of Hoxb8 neutrophils (0.5–1.0 × 106) were blocked with blocking solution 
(10% FCS, with 1% normal rat serum and 1% mouse serum in PBS) and stained with FITC – 
conjugated mouse monoclonal anti-mouse (PE-Cy7, cat nr. 552985; bdbiosciences) for 45 min 
on ice before flow cytometric measurements (BD FACSVerse). Data were subsequently 
analysed by using FlowJo software (Tree Star). Diff-Quik staining for nuclear morphology was 
performed by staining the cells with haematoxylin eosin dyes followed by light microscopy.  
 
3.2.3 Passaging and differentiation of Hoxb8 neutrophils  
 
Mouse neutrophils were generated from SCF – dependent, conditional Hoxb8 – immortalized 
myeloid progenitors derived from WT and genetically modified (Bax-/-, Bak-/-, Bax-/-/Bak-/-, 
Gsdmd-/-) mice. A total of 3 x 105 cells/mL were passaged in RPMI – 1640/GlutaMAX with 
10% FCS, mouse stem – cell factor (SCF) and 100 nM 4 – hydroxyl – tamoxifen or 1 μM β-
Estradiol for 3 – 4 days (37°C, 5% CO2). To initiate differentiation, 2.5 x 10
4 cells per ml were 
cultured in the same medium in the absence of 4 – hydroxyl – tamoxifen or β-estradiol (37°C, 
5% CO2). On day 3 of differentiation, 5 μg/ml of mouse granulocyte colony – stimulating factor 
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(G – CSF) was added to the cell cultures. Following 2 days of incubation, cells were used for 
subsequent experiments. 
 
3.2.4 Neutrophil activation 
 
Neutrophils were prepared in X – VIVOTM 15 medium, primed with 25 ng/ml GM – CSF for 
20 min and subsequently stimulated with 10-8 M C5a or 0.3 μg/mL LPS for 15 min. For 
conditions with PMA, cells were stimulated with 25 nM PMA for 15 min. In selected 
experiments, the following inhibitors were used 30 min before GM – CSF priming: 
Necrosulfonamide (5 μM) and VBIT-4 (5 μM). 
 
3.2.5 Confocal laser scanning microscopy and quantification of 
NET formation 
 
Neutrophils were seeded on 12 – mm glass coverslips and stimulated as described above. 
Staining with cell – permeable MitoSox (5 μM) was performed in live cells prior to fixation 
according to the corresponding manufacturers’ instructions. Cells were fixed with 4% 
paraformaldehyde for 5 min and subsequently washed with PBS, pH 7.4. Cells were 
counterstained with 1 μg/ml Hoechst 33342 at RT for 5 min protected from the light. After 
several washes, samples were mounted in Prolong Gold mounting medium, image acquisition 
was performed using the confocal laser scanning microscope LSM 700 (Carl Zeiss Micro 
Imaging, Jena, Germany) with a ×63/1.40 oil DIC objective and analysed with Imaris software 
(Bitplane AG, Zurich, Switzerland). 
 
3.2.6 Quantification of released dsDNA in culture supernatants 
 
Neutrophils (4 × 106 cells/mL in X – VIVOTM 15 medium) were stimulated as described above. 
Subsequently a low amount of DNase I (2.5 U per ml; Worthington Biochemical Corporation, 
Lakewood, NJ, USA) was added for 10 min. Reactions were stopped by the addition of 2.5 mM 
EDTA and cells were centrifuged at 1’400 rpm for 5 min. 100 μl supernatant were transferred 
to black, glass – bottom 96 – well plates (Greiner Bio – One GmbH) and the fluorescence 
activity of PicoGreen dye bound to dsDNA was excited at 502 nm. The fluorescence emission 
intensity was measured at 523 nm using a spectrofluorimeter (SpectraMax M2, Molecular 
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Devices, Biberach an der Riß, Germany), according to the instructions described in the Quanti 
– iTTM PicoGreen® assay kit. 
 
3.2.7 Measurement of ROS production  
 
ROS measurements in human and Hoxb8 neutrophils were performed using fluorescent 
detection of ROS activity by flow cytometer. Neutrophils (1.25 × 106 cell/mL in X – VIVOTM 
15 medium) were stimulated as described above. DHR 123 was added to the cells at the final 
concentration of 1 μM. The reaction was stopped by adding 200 μl of ice-cold PBS, and the 
ROS activity of the samples was immediately measured by flow cytometry (BD FACSVerse) 




Cell lysates were prepared by lysing the cells with lysis buffer containing 50 mM Tris pH 7.4, 
150 mM NaCl, 10% Glycerol, 1% Triton100, 2 mM EDTA, 10 mM NapyroP, 50 mM NaF and 
200 μM Na3VO4 in H2O. Shortly before use 1 mM PMSF, protease inhibitor cocktail and 
phosphatase inhibitor cocktail (PhosSTOPTM from Roche) were added to the lysis buffer. Cells 
were lysed for 25 min on ice, with occasional vortexing. Following centrifugation at 13’300 
rpm for 15 min at 4 °C, supernatants were collected and the protein concentration was 
determined using a BCA Assay (Pierce BCA Protein Assay Kit from ThermoFisher). 50 μg of 
protein was loaded on 12% SDS polyacrylamide gel (SERVA). The samples were separated by 
electrophoresis under reducing conditions in two steps, 25 min at 80V and 80 min at 135V. 
Proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P; 
Merck Millipore) for 60 min at 60V. Membranes were blocked with 5% non – fat dry milk in 
Tris – buffered saline solution containing 0.1% Tween 20 (TBST) for 1 h, followed by 
incubation with the primary antibody in 5% non – fat dry milk in TBST or 5% bovine serum 
albumin in TBST respectively, at 4 °C overnight. On the following day, the membranes were 
washed using TBST three times for 5 min, incubated with the corresponding HRP-conjugated 
secondary antibody for 1h at RT, washed again using TBST three times for 5 min and visualized 





3.2.9 Viability assay 
 
Cell death was assessed by the uptake of propidium iodide and flow cytometric analysis (BD 
FACSVerse). 2×106 cells/mL were taken and propidium iodide was added before measurement. 
 
3.2.10 Statistical analysis 
 
Analysis of all data was performed by the Prism software (GraphPad Software Inc., San Diego, 
CA, USA). All data were expressed as mean±S.E.M. Results were analysed using unpaired 


























Until now, there have not been any studies that would investigate the roles of BAX and BAK 
in the formation of neutrophil extracellular traps. Recent studies show that these two proteins 
might be involved in the extrusion of mtDNA into the cytosol (65, 66). Also taking into 
consideration the fact that under short stimulation with GM-CSF/C5a neutrophils produce 
mtDNA rich NETs, we wanted to analyse the impact of the BAX and BAK on the molecular 
mechanism of NET formation. 
The voltage-dependent anion channel is the most abundant protein in the outer mitochondrial 
membrane. Recently a study implied that after certain stimulation, mtDNA can be extruded 
through the pores formed from VDAC oligomers (83). Therefore, we wanted to investigate its 
potential role in formation of neutrophil extracellular traps. For this, we used VBIT-4, an 
inhibitor of the oligomerization of VDAC1. 
Gasdermin D is another interesting protein that has caught a lot of attention regarding its 
function in immune response and induction of pyroptosis. Therefore, we investigated the role 
of Gasdermin D in NET formation.  
 
4.1 Hoxb8 neutrophils lacking Bax or Bak exhibit defects in NET 
formation 
 
For these experiments we used differentiated Hoxb8 neutrophils derived from WT and 
genetically modified (Bax-/-, Bak-/-, Bax-/-/Bak-/-) mice. We investigated the cell morphology and 
cell surface expression of differentiation markers. The results showed that the cells are fully 
maturated on the fourth day of differentiation. All four cell lines were treated under three 
different conditions. First, we had a negative control, which did not get stimulated at all. 
Second, we used granulocyte macrophage colony stimulating factor (GM-CSF) for priming and 
subsequently, complement component 5a (C5a) was used for stimulation of the cells. Lastly, 
we implemented the use of phorbol 12-myristate 13-acetate (PMA), which was a positive 
control. 
 
Through the analysis of dsDNA quantification in the supernatants (Figure 8B), we were able to 
determine how much dsDNA each of the cell lines released. We demonstrated that all of the 
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different knock out cell lines showed reduced formation NETs compared to the wild-type 
neutrophils.  
The wild-type neutrophils showed a significant increase of dsDNA release after stimulation 
with GM-CSF/C5a, stimulation with a mean RFU=591.1 (p=0.0001) and PMA with a mean 
RFU=582.4 (p=0.0034). The Bax-/- neutrophils released significantly less dsDNA compared to 
the WT, both with GM-CSF/C5a (p<0.0001) and PMA (p=0.0019). Next, the Bak -/- neutrophils 
also released significantly less dsDNA in comparison to the WT, both with GM-CSF/C5a 
(p<0.0001) and PMA (p=0.0042). Lastly, the Bax-/-/Bak-/- neutrophils released significantly less 
dsDNA in comparison to the WT, both with GM-CSF/C5a (p<0.0001) and PMA (p=0.0010) 
Confocal images (Figure 8A), present representative pictures that have been analysed by Imaris 
software. The most significant DNA formation was observed in the pictures with the wild-type 
neutrophils after priming with GM-CSF and subsequent stimulation with C5a. The same can be 
seen after stimulation with PMA. In contrast to this, all other knock outs (Bax-/-, Bak-/- and Bax-
/-/Bak-/-) showed no NET formation upon GM-CSF priming and subsequent C5a stimulation, 
nor the PMA stimulation. The confocal images in Fig.1 are also in agreement with the results 
obtained from the plate reader spectrofluorometric analyser.  
The analysis of ROS measurement data showed that all four cell lines had a significant increase 
in ROS production after GM-CSF/C5a and PMA stimulation (Figure 8C). The mean ROS 
activity for the WT after stimulation with GM-CSF/C5a was AU=186 (p=0.0037) and with 
PMA stimulation AU=325 (p=0.0089). The mean ROS activity for the Bax-/- after stimulation 
with GM-CSF/C5a was AU=173 (p=0.0099) and with PMA stimulation AU=2936 (p=0.0008). 
The mean ROS activity for the Bak-/- after stimulation with GM-CSF/C5a was AU=247 
(p=0.0166) and with PMA stimulation AU=5494 (p=0.0101). Lastly, the mean ROS activity 
for the Bax-/-/Bak-/- after stimulation with GM-CSF/C5a was AU=120 (p=0.0023) and with 
PMA stimulation AU=1487 (p=0.0003). 
Additionally, we analysed the Hoxb8 neutrophils for protein expression of BAX and BAK 


































To ensure that the chosen conditions explained above were not cytotoxic, we assessed cell death 
assay of neutrophils before and after stimulation as indicated before (Figure 9). The analysis of 
the Gr-1 expression and cell morphology was employed to ensure or to find the optimal 
differentiation day for the Hoxb8 neutrophils to be used for the experiments. The Gr-1 
expression was measured by flow cytometry (BD FACSVerse) and the cell morphology was 
assessed by staining the cells with haematoxylin eosin dyes followed by light microscopy 








Hoxb8 neutrophils exhibit defects in NET formation, while maintaining 
normal ROS production. (A) Confocal microscopic pictures. DNA release was analysed after short-term 
stimulation (total 35 min) of WT and KO Hoxb8 neutrophils, with the indicated triggers. (B) Quantification of 
released dsDNA in supernatants of activated neutrophils. (C) Flow cytometry. Total ROS activity of WT and KO 
Hoxb8 neutrophils after short-term stimulation (total 35 min) with the indicated triggers was assessed by DHR123 
fluorescence. Data are means ± SEM of at least 3 independent experiments.*p < 0.05; **p <0.01; ***p < 0.001; 


































































































































































































































































































(Figure 10). Both the Gr-1 expression and cell morphology indicate that the cells are fully 

























































Figure 9. (A) Viability of Hoxb8 mouse neutrophils. Stimulation of neutrophils to induce mitochondrial DNA 
release does not result in accelerated cell death. Differentiated Hoxb8 mouse neutrophils were cultured for the 
indicated times and cell death assessed by uptake of propidium iodide and flow cytometric analysis (BD 
FACSVerse). ● Medium ■ GM-CSF ▲ GM-CSF + C5a ▼ PMA (B) Immunoblotting. 
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Figure 10. Cell morphology and Gr-1 expression for Hoxb8 neutrophils.  Hoxb8 mouse neutrophil progenitors 
were allowed to differentiate for the indicated times, and Gr-1 surface expression analysed. Additionally, cells were 
seeded on glass slides and stained with Hematocolor Set and images were taken to determine the morphology state 
















































4.2 Gsdmd knock out Hoxb8 neutrophils display normal NET 
formation 
 
The experiments were conducted with genetically modified Hoxb8 mouse neutrophils. More 
accurately, we used Gasdermin D knock-out Hoxb8 mouse neutrophils (Gsdmd -/-). Parallel to 
that, we used appropriate wild-type neutrophils (WT_GSDMD), which were not genetically 
changed, as a control. We investigated the cell morphology and cell surface expression of 
differentiation markers. The result showed that the cells are fully matured on the fifth day of 
differentiation. The two cell lines were treated under four different conditions. As a negative 
control, we used resting Hoxb8 neutrophils without stimulation. First, we had a negative 
control, which did not get stimulated at all. Second, we used granulocyte macrophage colony 
stimulating factor (GM-CSF) for priming and subsequently complement component 5a (C5a) 
or lipopolysaccharide (LPS) was used for stimulation of the cells. Lastly, we implemented the 
use of phorbol 12-myristate 13-acetate (PMA), which was a positive control. 
 
Through the analysis of the dsDNA in the supernatants (Figure 11B), we could determine the 
amount of released dsDNA during the NET formation. After comparing results, we did not find 
a significant difference between the Gsdmd knock out neutrophils and the wild-type 
neutrophils. Both the wild-type and the Gsdmd-/- neutrophils showed a significant increase of 
dsDNA release after the different stimulations. After GM-CSF/C5a stimulation, the wild-type 
neutrophils had a significant increase in dsDNA release with a mean RFU=689.5 (p<0.0001) 
compared to the control cells. The same was observed with the Gsdmd -/- with a mean 
RFU=638.9 (p<0.0001). Further, after GM-CSF/LPS stimulation, the wild-type neutrophils had 
a significant increase in dsDNA release with a mean RFU=631.8 (p=0.0001) compared with 
the control cells. The same was seen with the Gsdmd -/- with a mean RFU=657.6 (p=0.0004). 
Lastly, with PMA stimulation the wild-type neutrophils again show a significant increase in 
dsDNA release with a mean RFU=673.9 (p=0.0001) compared to control cells. Again the 
Gsdmd -/- also shows a significant increase after PMA stimulation with a mean RFU=633.9 
(p=0.0002) 
Confocal images (Figure 11A), present representative pictures that have been analysed by 
Imaris software. As expected, negative control (medium) in case of the wild-type and Gsdmd -
/- neutrophils both did not show any NETs. In the case of the other conditions (GM-CSF/C5a, 
GM-CSF/LPS or PMA), the wild-type and the Gsdmd -/- neutrophils showed a similar extent of 
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The analysis of the ROS measurement data showed that both cell lines had a significant increase 
in ROS production after GM-CSF/C5a and PMA stimulation (Figure 11C). The mean ROS 
activity for the WT after stimulation with GM-CSF/C5a was AU=136 (p=0.0006) and with 























Hoxb8 neutrophils exhibit normal NET formation and ROS production. (A) Confocal 
microscopic pictures. DNA release was analysed after short-term stimulation (total 35 min) of WT and KO Hoxb8 
neutrophils, with the indicated triggers. (B) Quantification of released dsDNA in supernatants of activated 
neutrophils. (C) Flow cytometry. Total ROS activity of WT and KO Hoxb8 neutrophils after short-term stimulation 
(total 35 min) with the indicated triggers was assessed by DHR123 fluorescence. Data are means ± SEM of at least 
































































































































































































The analysis of the Gr-1 expression and cell morphology was employed to ensure or to find the 
optimal differentiation day for the Hoxb8 neutrophils to be used for the experiments. The Gr-1 
expression was measured by flow cytometry (BD FACSVerse) and the cell morphology was 
assessed by staining the cells with haematoxylin eosin dyes followed by light microscopy 
(Figure 12). Both the Gr-1 expression and cell morphology indicate that Hoxb8 mouse 





Figure 12. Cell morphology and Gr-1 expression for Hoxb8 mouse neutrophils.  Hoxb8 mouse neutrophil 
progenitors were allowed to differentiate for the indicated times, and Gr-1 surface expression analysed. 
Additionally, cells were seeded on glass slides and stained with Hematocolor Set and images were taken to 





































































































































































































































































































































































4.3 Pharmacological inhibition of GSDMD does not interfere with 
NET formation 
 
The results of the dsDNA quantification with human neutrophils using NSA to inhibit the 
actions of GSDMD (Figure 13A) showed that NSA does not affect the release of dsDNA, as 
there was not a significant difference in dsDNA release between control and inhibited 
neutrophils upon activation. Both the control and NSA inhibited human neutrophils showed a 
significant increase of extracellular DNA in the supernatants after different stimulations. After 
GM-CSF/C5a stimulation, the non-inhibited neutrophils had a significant increase in dsDNA 
release with a mean RFU=699.7 (p=0.0003) compared to the control cells. The same result was 
seen with the inhibited neutrophils with a mean RFU=745.0 (p=0.0080). After PMA 
stimulation, the non-inhibited neutrophils had a significant increase in dsDNA release with a 
mean RFU=654.8 (p<0.0001). The same result was seen with the inhibited neutrophils with a 
mean RFU=673.4 (p=0.0017). 
 
Confocal images (Figure 13A), present representative pictures that have been analysed by 
Imaris software. All the images are in agreement with the results from the dsDNA quantification 
using spectrofluorometry. As expected, with the negative control (medium), both groups did 
not show any NET formation. In the case of the other conditions (GM-CSF/C5a, PMA) both 
the NSA treated and non-treated neutrophils showed similar NET formation.  
 
The analysis of the ROS measurement data (Figure 13C) showed that NSA treated and non-
treated neutrophils had a significant increase in ROS production after GM-CSF/C5a and PMA 
stimulation (Figure 13C). The ROS activity for the neutrophils after stimulation with GM-
CSF/C5a was AU=37 (p=0.0003) and with PMA stimulation AU=352 (p<0.0001). The mean 
ROS activity for the NSA-inhibited neutrophils before stimulation with GM-CSF/C5a was 
AU=25 (p<0.0065) and with PMA stimulation AU=422 (p<0.0001). 
Figure 13. Inhibition of GSDMD or VDAC1 oligomerization does not influence NET formation or ROS 
production. (A) Confocal microscopic pictures. DNA release was analysed after short-term stimulation (total 35 
min) of human neutrophils with the indicated triggers in the presence or absence of 5μM NSA. Right: 
Quantification of released dsDNA in supernatants of activated neutrophils (B) Confocal microscopy. DNA release 
was analysed after short-term stimulation (total 35 min) of human neutrophils with the indicated triggers in the 
presence or absence of 5μM VBIT-4. Right: Quantification of released dsDNA in supernatants of activated 
neutrophils. (C) Flow cytometry. Total ROS activity of human neutrophils after pre-treatment and short-term 
stimulation (total 35 min) with the indicated inhibitors and triggers was assessed by DHR123 fluorescence. Data 
are means ± SEM of at least 3 independent experiments.*p < 0.05; **p <0.01; ***p < 0.001; ****p < 0.0001, t-




4.4 VDAC oligomerization does not affect NET formation 
 
To explore the role of the voltage-dependent anion channel 1 in human neutrophils, we used 
VBIT-4, a VDAC1 oligomerization inhibitor. Quantitative analysis of dsDNA release was 
assessed by spectrofluorimeter. Results (Figure 13B) showed that VBIT-4 inhibitor of VDAC 
oligomerization does not inhibit NET formation in both GM-CSF/C5a and PMA stimulation. 
 
As a negative control, we used unstimulated human neutrophils (medium). Both, the VBIT-4 
treated and non-treated neutrophils had a significant increase in dsDNA release after priming 
with GM-CSF and subsequent stimulation with C5a. In the case with no inhibition, the mean 
dsDNA release was RFU=753.0 (p<0.0001) and with VBIT-4 inhibition RFU=783.0 
(p<0.0001). We also used PMA as a positive control and both, inhibited and non-inhibited 
neutrophils showed a significant increase in dsDNA release upon activation. In the case with 
no inhibition, the mean dsDNA release was RFU=657.9 (p<0.0001) and with VBIT-4 inhibition 
RFU=756.3 (p<0.0001). 
 
Confocal images (Figure 13B), present representative pictures that have been analysed by 
Imaris software. All the images are in agreement with the results from the dsDNA quantification 
using spectrofluorometry. As expected, negative control (medium) in case of the non-treated 
and VBIT-4 treated neutrophils both did not show any NET formation. In the case of the other 
conditions (GM-CSF/C5a or PMA), the non-treated and VBIT-4 treated neutrophils show a 
similar extent of NET formation.  
 
The analysis of the ROS measurement data showed that VBIT-4 treated and non-treated 
neutrophils had a significant increase in ROS production after GM-CSF/C5a and PMA 
stimulation (Figure 13C). The mean ROS activity for the neutrophils without inhibition after 
stimulation with GM-CSF/C5a was AU=41 (p<0.0001) and with PMA stimulation AU=330 
(p<0.0001). The mean ROS activity for the VBIT-4 inhibited neutrophils after stimulation with 








In the study, we have focused on investigating the role of certain proteins in influencing the 
formation of NETs in neutrophils. In particular, we have taken a closer look at the pro-apoptotic 
proteins BAX and BAK, which are mostly known for their roles in apoptosis. However, recent 
reports suggested that the two proteins could influence the mtDNA extrusion, which is a 
building block for the extracellular traps. Furthermore, we looked at the mitochondrial protein 
VDAC1 and its role in the generation of NETs. We were interested in that protein mainly 
because it is the most abundant protein on the mitochondria and it can oligomerize into bigger 
channels, forming pores in the outer mitochondrial membrane, potentially enabling release of 
mtDNA. In addition, we looked at GSDMD, a cytosolic protein that plays a role in the pore 
formation on the cell membrane in the process of pyroptotic cell death. Therefore, we asked 
ourselves if these pores are a predisposition in NET formation.  
 
To answer these questions, we employed genetic and pharmacological approaches. For the 
BAX, BAK and GSDMD we used Hoxb8 mouse neutrophils that lack one or both of these 
proteins. In human neutrophils, we inhibited the VDAC1 channel pharmacologically using 
VBIT-4, a novel drug, that blocks the oligomerization of the protein. We also used 
necrosulfonamide (NSA) as a direct inhibitor of GSDMD. Both, Hoxb8 and human neutrophils 
have previously been used to study the mechanisms of NET formation and are therefore suitable 
for our experiments. Since the Hoxb8 neutrophils are immortalized and can be cultured for a 
longer period, we have the advantage of producing a large number of differentiated neutrophils 
at any given time.  
 
By using the Hoxb8 neutrophils with knock out for the proteins of BAX, BAK, or both of them, 
we demonstrated that lack of either or both of the proteins significantly reduces the ability of 
the cells to form NETs. We analysed this by quantifying the released dsDNA, which is a 
building block for NETs, in culture supernatants using spectrofluorometry. Secondly, we did a 
qualitative analysis of the NETs using confocal laser scanning microscopy and confirmed that 
the results are in agreement with the quantification. ROS analysis using flow cytometry 
confirmed that all the cell lines are able to generate ROS. The analysis of the viability of Hoxb8 
neutrophils confirmed that the concentration of the used stimulants did not have cytotoxic 
effects, as there was a negligible amount of cell death. To confirm the differentiation state of 
our Hoxb8 cells, we employed two approaches. First, we measured the expression of Gr-1 cell 
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surface marker from day 0 to day 5 of differentiation. Secondly, we analysed the cell 
morphology from day 0 to day 5. Based on these experiments, the fourth day of differentiation 
was the best to use the neutrophils.  
 
Based on the experiments with Hoxb8 neutrophils lacking GSDMD, we confirmed that this 
protein does not seem to influence NET formation, as both the wild-type and Gsdmd-/- 
neutrophils showed similar extent of NET formation. This was demonstrated by quantification 
of dsDNA release in culture supernatants. In alignment with this were the results of the 
qualitative analysis using confocal laser scanning microscopy. ROS measurement showed that 
the cells exhibit equal ROS activity upon activation. As mentioned before, we looked at the 
differentiation state of the Hoxb8 cells from day 0 to day 5 and decided that the most optimal 
day to use the cells is the fifth day of differentiation. In human neutrophils, we used the NSA 
as an inhibitor of gasdermin D and we did not see any significant difference in dsDNA release, 
NET formation or ROS production when compared to control cells.  
 
The experiments on human neutrophils with the VDAC1 oligomerization inhibitor (VBIT-4) 
showed that the VDAC1 oligomerization is not necessary for NET formation. Human 
neutrophils with or without VBIT-4 treatment showed no significant difference in NET 
formation. This was shown by quantification of dsDNA release and qualitative analysis using 
confocal laser scanning microscopy. The inhibition with VBIT-4 also did not seem to influence 
the generation of ROS. 
 
We know that NETs are made up of mitochondrial DNA, but to date it is still unknown how the 
mitochondria release their genetic material into the extracellular space. Recent studies reported 
the extrusion of mtDNA into the cytosol via BAX/BAK macropores, which allow 
mitochondrial outer membrane permeabilization (MOMP) (65-67). We showed that Hoxb8 
neutrophils lacking one or both of these proteins show a decreased ability to form NETs, but 
still produce sufficient ROS. Further studies are needed to investigate the role of these two 
proteins on innate immunity. Therefore, it would be interesting to look at the effects of BAX 
and BAK on degranulation, phagocytosis and bacterial killing. Additionally, the use of other 
inhibitors able to block BAX and BAK oligomerization and MOMP in human neutrophils 




VDAC is another important protein that resides in the outer mitochondrial membrane and plays 
a role in the permeability pathway for the flux between the cytoplasm and mitochondria (71). 
A study suggested that under lethal oxidative stress, VDACs could contribute mitochondrial 
permeabilization of the outer mitochondrial membrane via homo-oligomerization of VDACs 
(81). We showed that inhibition of the VDAC1 oligomerization with VBIT-4 does not affect 
the NET formation or ROS production. This is in contrary to a recently published study where 
they showed that the use of VBIT-4 reduces the NET formation (83). Although it is important 
to mention that their experimental conditions were not the same, as they stimulated the 
neutrophils with an ionophore A23187 for 2 hours, whereas our experiments were conducted 
with GM-CSF/C5a or PMA, with a stimulation time of 15 minutes. It could be that the VDAC1 
behaves differently, depending on the used stimulant, its concentration and the stimulation time.  
 
Although not a mitochondrial but a cytoplasmic protein, GSDMD was in the last years heavily 
investigated regarding its roles in pyroptosis and innate immunity. A recent study discovered 
that GSDMD pore formation plays a role in NET formation via GSDMD pore formation on the 
cell membrane (102). To investigate whether GSDMD is a predisposition for neutrophils to 
form NETs, we used a genetic approach with knock out Gsdmd Hoxb8 neutrophils and a 
pharmacologic approach with NSA, a direct GSDMD inhibitor. As mentioned before, we did 
not see any significant difference between WT GSDMD and Gsdmd-/- in NET formation or 
ROS activity. Furthermore, human neutrophils treated with NSA before priming and activation 
showed no difference in NET formation or ROS activity. Our results suggest that GSDMD does 
not play a relevant role in NET formation. Phagocytosis, degranulation or bacterial killing 














6 CONCLUSION  
 
Neutrophils are crucial for protecting us from foreign invaders, as they constitute the first line 
of defence of the non-specific innate immune response. NETs are one of the mechanisms that 
allow neutrophils to kill extracellular pathogens effectively. 
 
 We discovered that in Hoxb8 neutrophils BAX and BAK proteins regulate the formation of 
NETs in the absence of cell death. Compared to wild-type Hoxb8 mouse neutrophils the KO 
Hoxb8 neutrophils (Bax-/-, Bak-/-, and Bax-/-/Bak-/-) showed a significant reduction in the 
amount of dsDNA release. All the Hoxb8 neutrophils showed normal ROS activity and were 
viable during the short period of stimulation. 
 
 Using pharmacological inhibition of GSDMD as well as genetically deficient Hoxb8 mouse 
neutrophils we demonstrated that both human and mouse neutrophils produce sufficient ROS 
upon activation and form NETs independent of GSDMD-pyroptotic pathway.  
 
 Based on cell morphology and Gr-1 cell surface expression, we concluded that day four is 
the optimal day for differentiation of Bax-/-, Bak-/-, and Bax-/-/Bak-/- Hoxb8 mouse 
neutrophils, but  Gsdmd-/-  and WT_GSDMD Hoxb8 mouse neutrophils required 5 days in 
order to be fully mature. 
 
 VBIT-4, an inhibitor of VDAC1 oligomerization, did not show any effect on NET formation 
or ROS production by human neutrophils. 
 
 We evaluated protein expression in wild-type and Bax and Bak-deficient Hoxb8 mouse 
neutrophils and verified that the Bax-/-, Bak-/-, and Bax-/-/Bak-/- Hoxb8 mouse neutrophils do 
not express the deleted gene respectfully. 
 
 Both the Hoxb8 mouse neutrophils and human neutrophils proved to be suitable for the 
assays studying the mechanisms and functions of neutrophils. Therefore, they can be used 
to screen for potential drugs for a number of diseases, from autoimmune to infectious. 
 
 To strengthen these results, it would also be relevant to conduct additional studies to test the 
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